This paper describes the findings of an exploratory case study to investigate knowledge sharing problems in the new product development (NPD) process of a multi-national manufacturing company, and classifies the problems into three categories, i.e. (a) the lack of an explicit definition and prioritization of information about the knowledge used in the NPD process, (b) the challenges raised by, and lack of tools to support, knowledge sharing in a multilingual, multidisciplinary environment, and (c) the dissemination of information about the task and process knowledge to process users. An ontology-based methodology has been proposed, and a pilot study has been carried out to solve these problems. The pilot study includes the selection of suitable candidate tasks (or sub-processes) for the study, the elicitation of information about the selected task knowledge, the development of task knowledge ontology, and a mechanism to visualize and disseminate the ontology to process users. Early implementation and tests have shown that the proposed methodology may be used to facilitate knowledge sharing in the new product development process. The project was sponsored by a leading heating system manufacturer and further tests will be carried out with real industrial problems.
Introduction
As new products become the focus of competition for many manufacturers, the new product development process becomes increasingly important to these businesses (Brown and Eisenhardt 1995, Ramesh and Tiwana 1999) . Furthermore, an increasing need by manufacturing companies to compete on quality and time to market has made the effective sharing and transfer of product development process knowledge into a means of achieving a competitive advantage (Ramesh and Tiwana 1999, Gieskes and Langenberg 2001) . Consequently, great attention has been focused in recent years on the application of knowledge management to new product
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Introduction
In 2003, a three-year project was embarked upon with a medium-sized, marketleading manufacturer of electromechanical goods. The aim of the collaboration was to develop and implement a long-term knowledge management strategy. Notably, the company is the product of a recent merger between German and Anglo-French companies competing in the same sector. New products developed by the company are of two types: changes to existing product lines in order to accommodate environmental legislation and upgrades and changes to existing products. The manufacturing and research and development (R&D) operations in the company are located on main sites in three European countries, each site speaking a different language.
New products play a key role in the company's business. More than 4% of its employees work in research and development roles. Nonetheless, the company's research activity is mainly of an applied nature. As part of an effort to improve the quality of its product development process, the company created a business process map that describes all the new product development activities. These activities span the entire product development process, ranging from product strategy to production. It was intended that the process should capture best practice from formal NPD processes previously used within the company, as well as analogous processes employed by competitors. The New Product Development Business Process (NPDBP) consists of seven phases and around a hundred sub processes. Each sub process is broken down into a number of tasks. Documentation of the process was available in paper format and in digital format on the company's Intranet. Three process owners are appointed for each sub process. Most of the processes are intended for use on more than one site and in these instances, a process owner for each site is appointed.
An exploratory study was carried out in order to gain a basic understanding of the knowledge sharing challenges surrounding the NPDBP and provide a foundation for identifying the research problems. The aims of the exploratory research were:
1. To obtain information about how knowledge (information) flows in the NPDBP. 2. To establish whether the employees using the NPDBP (hereafter referred to as 'users') believed that they were experiencing knowledge sharing problems. 3. To establish what kind (if any) of knowledge-sharing problems the users were experiencing.
Method of investigation
Three research methods were employed to achieve these aims. The first method involved reference to the NPDBP documentation and other company documentation, including internal presentation slides, thus addressing the first aim. The second method was to carry out unstructured interviews with a selection of sub process owners. The third method was to perform a knowledge audit by means of structured interviews with the same selection of NPDBP sub process owners used for the unstructured interviews, thereby addressing all three aims. In the case of the first method, the complete documentation for the NPDBP was secured, including business process flow maps for every detailed process. Additionally, the results of an internal company-wide NPDBP user feedback survey were obtained. The company's internal survey exercise involved interviews with detail process owners from the three sites and the documentation included extensive quotations from NPDBP users. The quotations and comments were examined and any knowledge problems were identified and broadly categorized. In the case of the second method exploratory interviews were carried out with eight sub process owners representing all seven phases of the NPDBP. Interviews were conducted in an 'unstructured' fashion. Analysis of the interview data involved identifying the main knowledge sharing problems mentioned by the interviewees and grouping them into broader categories. Finally, execution of the third method involved structured interviews with the same eight process owners used for the exploratory interviews already discussed. The questions used in the interviews were adapted from those employed in a knowledge audit study described by Liebowitz et al. (2000) .
Findings
Although the company intends that the NPDBP will be adopted on a group-wide basis, the majority of its initial development was undertaken at one site. Consequently, many of the processes contained in the NPDBP documentation are modelled on practices and cultural approaches used at the German site, which reportedly differed in some aspects from those encountered at the British and French sites. Furthermore, the majority of the process documentation was originally written in German and then translated into English for distribution to the British and French operations. The key findings from the review of company literature and exploratory interviews were divided into broad problem categories, which are listed in table 1. It is worth noting that there were a number of other problem types, but these will not be the focus of this study.
As seen in table 1, category A refers to the lack of an explicit definition and prioritization of information about the knowledge used in the NPD process. One example taken from the interviews of information that has not been explicitly defined is information about the required input knowledge and output knowledge for a given task. These knowledge inputs or outputs could be of an explicit nature, such as a test report, or of a tacit nature, such as advice from an expert in the domain of interest. This is because many of the decisions taken in the course of a product development activity are dependent on the information generated by other activities, as claimed by Browning and Eppinger (2002) . A further example was the difficulty of discovering information about who the experts for a given task were. In this case, an expert is an individual with what was considered extensive experience of a technical area, or those who had been a member of a project where similar problems had been encountered in the past. Where some indication of the knowledge required to complete a task is available, there is no indication of the importance of that knowledge in the context of that task. In short, this lack of an explicit definition of the knowledge required executing a sub process or task appears to hinder the development of a shared understanding among users of the NPD process.
Category B refers to the challenges raised by a multilingual, multidisciplinary environment. Two types of challenge were determined. Challenge type one concerns the challenges presented by different vocabularies used by the various engineers, designers and different functional disciplines involved in the NPD. This is reflected by work already carried out in the NPD domain by Holland et al. (2000) and in the requirements engineering domain by Effendi et al. (2002) and Kerr et al. (2004) . Kerr et al. (2004) posit that functional disciplines involved in the design process stages, 'bring their own language, jargon and perspectives to a design project'. A simple example of this from the exploratory study is the German phrase for the part 'nozzle holder', which is known as 'Kammertra¨ger' by some engineers and 'Du¨senstock' by others. Challenge type two concerns the more obvious problem of linguistics; that is, instances where the information or knowledge is available in a language that cannot be understood by those persons that require it. This issue affects both explicit knowledge sources, such as documents and databases, and sources of tacit knowledge like experts, who may not be able to communicate in the required language. The overall message is that language differences of either type make it difficult for those people involved in the new product development process, essentially the process users, to achieve what Kleinsmann and Valkenburg (2005) refer to as 'a shared viewpoint'. Category C concerns the dissemination of information about the task and process knowledge to process users. Here, dissemination means the distribution and sharing of information among groups via various mediums, as defined by Akgu¨n et al. (2006) . Examples of information about the knowledge that might be sought include the subsequent use of knowledge generated by a task, and information about the experts for a task or sub process. There is a lack of a mechanism to disseminate or 'push' information about the knowledge to the process users. This means that significant quantities of time are spent searching for and collating information, which ranged from a few hours to a working week in each NPD project.
Academic research addressing the industrial problems
By use of the exploratory study in industry, a need has been identified to facilitate the sharing of knowledge in the new product development process of the multinational manufacturing organization. A knowledge-sharing technology approach has been taken to address all three problem categories.
Problem A is essentially about achieving a shared understanding among people of information about the knowledge associated with tasks and sub processes in the new product development process. These problems are being tackled through the development of a knowledge-based tool built around ontology. Studer et al. (1998) define ontology as a formal, explicit, specification of a shared conceptualization. A conceptualization is an abstract, simplified view of the world that we wish to represent for some purpose (Gruber 1993) . Ontologies may be employed to facilitate a shared understanding of a knowledge domain that may be communicated among people (Pinto and Martins 2004) . Reference to the literature reveals that ontology-based approaches have already been applied to other problems in the new product development process, such as NPD process management in Moore et al. (1999) and information sharing protocols for translating customer needs into product specifications in Rezayat (2000) . The SHARE project proposed using ontology in the classification and organization of various forms of design information that could be captured electronically (Toye et al. 1994) . Ramesh and Tiwana (1999) describe a prototype system to capture and manage NPD process knowledge. None of these approaches addresses all the knowledge-sharing problem categories presented here, as shown in table 2.
In order to address problem B, a mechanism is needed to make information about the knowledge accessible to process users in a multidisciplinary, multilingual environment. As with problem A, an ontology-based solution is proffered, in this No case using a multilingual ontology. Guyot et al. (2005) define a multilingual ontology as one that includes a set of dictionaries for each of the languages required by its users. It functions by mapping keywords from these languages to the same concept in the ontology. A portal may then be constructed to retrieve the same information from the ontology, regardless of the language (Lauser et al. 2002) . This approach is applicable to both the issue of sharing the ontology among users speaking different languages and the issue of semantic differences between vocabularies used by different functions or those with different educations and view of design, termed 'design identities' by Kilker (1999) . While surveys in the literature (Pinto and Martins 2004, Corcho et al. 2003 ) identify a range of generic methodologies for developing ontologies, methodologies for the development of multilingual ontologies are far fewer in number. A framework for building a multilingual ontology is presented by Lauser et al. (2002) and a method for developing a bilingual ontology is given by Carpuat et al. (2002) . Multilingual ontologies may be represented in languages such as RDFS (Lauser et al. 2002) or related languages. Problem C has been addressed by providing a mechanism to disseminate information within a multidisciplinary multilingual environment. An Internet Web-based solution has been used to achieve this. Internet-based visualization techniques have already been identified by Zhang et al. (2004) as a basis for the sharing of information sharing in collaborative product design and manufacturing. Zhang et al. (2004) also argue that web-based tools 'are desirable to adapt geographically multidisciplinary product development teams . . .'.
A knowledge sharing methodology and pilot case study
Introduction
A pilot study was carried out with the aim of developing a knowledge-based tool for the case of the knowledge associated with a single sub process and task in the case study company's new product development process. The methods employed are described, followed by a discussion of the salient features of the resulting tool. Together, the ontology and mechanisms form the basis of a knowledge-based tool. Two parts of methodology have not been applied to this case. These parts are the mechanism for the presentation of the ontology in different languages and the mechanism for the prioritization of task level knowledge.
The methodology used in the pilot study consisted of four stages (see figure 1 ):
1. Selection of a suitable candidate sub process and task for the study. 2. Elicitation of information about the task and sub process knowledge. 3. Development of ontology of task knowledge. 4. Development of a mechanism to visualize and disseminate the ontology to process users.
Selection of a candidate process and task
Selection of the candidate detail process and detail process task was made according to four criteria: the first criterion was that the process and task should involve the use of knowledge from a range of functions (Ulrich and Eppinger 2003) , such as marketing, design and manufacturing, involved in the new product development process. Although it was unlikely that knowledge from all functions contributing to the NDP process could be represented, it was considered that the inclusion of more than one would provide a broader indication of the spectrum of knowledge present in the NPD knowledge domain. The second criterion was that the candidate task has a knowledge output that is used by other tasks in the NPD process. On a more practical note, the third criterion is that the candidate process should be one of those studied in the knowledge audit, in order to exploit the results of that study. Finally, the fourth criterion is that the designated expert for the task was both available and willing to take part in the case study exercise.
Identification of the task knowledge
Information about the task knowledge required to develop the ontology was elicited from three sources. The first source was the knowledge audit study of eight sub-processes in the company NPDBP using a simplified version of the knowledge audit steps proposed by Liebowitz et al. (2000) . This study involved semi-structured interviews with one of the three owners for each process. Each of these owners had been nominated by the company as a process expert. The second source was a semistructured interview with the owner of the selected process to understand the knowledge associated with a single task in that process. Finally, the third source was the company's NPDBP documentation, which included a business process map depicting the selected process and task, as well as descriptions of some of the data and information needed for some processes.
Development of a task knowledge ontology
The ontology of task knowledge was developed using the steps outlined by Noy and McGuinness (2001) , These steps are:
. Determine the domain and scope of the ontology.
. Consider reusing existing ontologies.
. Enumerate important terms in the ontology.
. Define the classes and the class hierarchy.
. Define the properties of classes-slots.
. Define the facets of the slots.
. Create instances.
The methods used to elicit the information required to develop the ontology are discussed above. Implementation of the ontology was achieved using the frame-based implementation of the Prote´ge´ontology editor developed at the Stanford University School of Medicine (Stanford Medical Informatics 2006a). The version used was Prote´ge´3.0. Evaluation studies by Duineveld et al. (2000) and more recently by Lambrix et al. (2003) have concluded that this tool is among the easiest to learn and use of the available ontology editing tools, which was an important factor given the scope of this study. In addition, it provides the functionality to build the simple knowledge-based tool envisaged for this study and supports a range of ontology representation languages and plug-in functionalities which may be required in future research (Corcho et al. 2003) . Prote´ge´uses a frame-based knowledge model in which ontologies are comprised of classes, which represent concepts in the domain, slots, which describe the properties and attributes of classes, facets, which describe properties of slots, and finally axioms, which specify additional constraints (Noy et al. 2000) .
Development of a mechanism to enable the visualization and dissemination of the ontology
Development of a mechanism to visualize and disseminate the task knowledge ontology was realized in two stages:
1. Development of the ontology visualization mechanism. 2. Development of a dissemination mechanism.
Combined with the ontology, the mechanisms formed the basis of a simple knowledge-based tool to share information about the knowledge associated with a task from the new product development process.
Stage one involved developing a simple knowledge-based tool using the Prote´geé ditor in order to capture the knowledge for the 'Analysis of competitor products from customer viewpoint' task. This involved creating instances of the classes defined in the ontology using the information elicited from the interviews and business process documentation. Following this, forms were created for each class to represent the information for each of the slots created for that class. In this way, a user interface is constructed that allow a user to view and navigate the information contained in the ontology.
The Prote´ge´ontology software tool used to develop the ontology includes a number of built-in features and plug-ins that allow the ontology to be visualized and browsed. However, the use of these features or plug-ins demands that the Prote´ge´tool is installed locally on a user's computer. This situation may restrict access to the tool in a business environment. One software tool that is already accessible to all the NPDBP users in the case study company is the Microsoft Internet Explorer Õ web-browser client. Stage two then involved constructing a browser-based tool using the WebProte´ge´software included with the Prote´geó ntology editor (Stanford Medical Informatics 2006b) . This tool provides a means of browsing and editing ontology through a web-browser client. Web Prote´ge´is a Java-based application that is deployed from a server application. The tool was developed according to the guidelines in the tutorial provided with WebProte´ge´software.
Results of the pilot study
Having reviewed the sub-process analysed in the knowledge audit, it was decided to select a sub-process called 'Definition of marketing requirements' and a task belonging to this process entitled 'Comparison of competitor products from customer viewpoint'. The process is part of the conception phase of the NPDBP and both the process and its constituent tasks demand the sharing of knowledge between different functions of the company, as suggested by Ulrich and Eppinger (2003) and Zahay et al. (2004) . Additionally, the selected task requires both knowledge 'inputs' and 'outputs' and a process owner who was willing and able to be interviewed. In this way, all four of the selection criteria were satisfied.
It was intended that the ontology would provide the user performing the selected process task with information about the knowledge associated with that task. Eppler et al. (1999) proposed that there are three kinds of business process knowledge: knowledge about the process, knowledge within the process and knowledge from the process. Knowledge about the process may be in both explicit form, such as flow maps showing the process stages, and implicit forms like the experience possessed by the process owners of managing the activities in that process. Some of this type of knowledge is encoded in the business process documentation of the company. Knowledge within the process is that which is generated during the execution of the process. This knowledge will typically be in an explicit form and includes documents such as test reports, project summary reports and decisions recorded in meeting minutes or in an email. The knowledge derived from a process is the experience that has been acquired from having carried out that process, e.g. lessons learned, the experience accumulated by different people and improvements that could be implemented in future projects. The concentration in this pilot study will be on knowledge within the process. Figure 2 shows the taxonomy used as the basis for constructing the ontology. Given that the focus of this study is the methodology, only three of the classes in the figure will be discussed here, namely, 'NPD process task', 'Knowledge item' and 'Actor'.
Consider first the 'NPD process task' class. The questions that might be posed by a task user about the task might include:
. What knowledge is required to execute this task? . What knowledge is generated by this task? . Who are the experts for this task?
These questions may be viewed as the competency questions (Noy and McGuinness 2001 ) that the ontology must answer and they were used to determine the relationships or slots created for the 'NPD process task' class, as shown in figure 3 . For example, the requires_knowledge_slot' provides a relationship to link an instance of the 'NPD process task' class to an instance of the 'Knowledge item class'.
Instances of the 'Knowledge item' class are chunks of knowledge (Debenham and Clark 1994) , which may include a technical report, guidelines for using a software tool or advice from an expert on an issue associated with the task. Some of the competency questions a user could pose about a knowledge item include:
. What task generates this knowledge item? . For what tasks does this knowledge item provide knowledge?
. Where is the knowledge item located? . In what languages is the knowledge available?
As in the previous case, the competency questions served as the basis for formulating the slots for the 'Knowledge item' class, illustrated in figure 4. For example, the 'generated_by_task' slot provides a relationship to link an instance of the 'Knowledge item' class to relevant instances of the 'NPD process task' class. Lastly, consider the 'Actor' class. In this context, actors may be defined as human sources of knowledge or 'knowledge brokers'. Instances of the 'Actors' include process owners, quality method experts and various task knowledge contributors. Once again, the competency questions served as the basis for formulating the slots for the 'Actor' class (see figure 5 ). For example, the 'contributes_to_task' slot provides a relationship to link an instance of the 'Actor' class to relevant instances of the 'NPD process task' class.
Dissemination and visualization mechanisms
Results from the implementation of method to provide a mechanism for visualizing and disseminating the task knowledge are documented in a series of screenshots. Figure 6 illustrates the browser window and forms that constitute the knowledgesharing tool built using the Prote´ge´editor. This acts as the basis of the visualization mechanism. Figure 7 shows the task knowledge window, which provides information about the knowledge required for and generated by the case study task. Dissemination of the knowledge is achieved using the web-based implementation of the ontology browser, a screenshot of which is shown in figure 8. As may be observed, the information contained in the forms is reproduced in the web tool. The ontology may be navigated using the ubiquitous 'point and click' paradigm.
Conclusion
Through application of the proposed methodology, ontology has been developed for the knowledge associated with a single task in the new product development process of the case study company. Additionally, simple mechanisms have been provided to visualize and disseminate this ontology. The resulting knowledgebased tool illustrates how the proposed methodology may be used to facilitate knowledge sharing in the new product development process. Two parts of the methodology were left outside the scope of this pilot study. These were the provision of a mechanism to prioritize the task level knowledge and a mechanism to present the ontology in different languages via the web. Further research is required on two issues. The first issue is to add the components missing from the knowledge-based tool by providing mechanisms to prioritize task level knowledge and present the ontology in different languages via the web. The second issue is to develop the competency of the ontology and validate its usefulness by adding information about more sub processes and tasks within the new product development process.
